Abstract: To determine the best acoustic variables to discriminate the affricate [ts] and fricative [s], word materials produced by single-and multi-Japanese speakers were analyzed. An intensity envelope of a rise, steady, and decay part of [ts] and [s] was respectively approximated by a linear line with positive, zero, and negative slopes, and duration of the each part was measured manually and automatically. Discriminant analyses gave the smallest discriminant error with a combination of a rise part duration and sum of a steady and decay part duration in all combinations of methods for measuring duration (manual and automatic) and speakers of word materials (single and multi). This result strongly suggests that the best variables to discriminate the affricate [ts] and fricative [s] are a combination of the rise duration and the sum of steady and decay durations.
INTRODUCTION
This study investigated the acoustic features used to discriminate the affricate [ts] and fricative [s] in the Japanese language. Although there are very few studies on the acoustic features of the affricate and fricative, the findings of Howell and Rosen [1] showed that the duration of a rise part of a fricative and affricate is an effective variable to discriminate these two consonants. However, their results are on the affricate [Ù] and fricative [S] in English, which might not directly apply to the affricate [ts] and fricative [s] in the Japanese language. More importantly, they investigated only two single variables (i.e., the durations of the rise part and rest part of [Ù]/[S]) and did not consider other variables or their combinations.
To find the best variables to discriminate the affricate [ts] from the fricative [s] in the Japanese language, the speech materials of native Japanese speakers were analyzed in this study. As Howell and Rosen's study [1] , the durations of part of the affricate and fricative were picked up as variables. However, analyses were conducted more intensively by checking the discriminant error for every single duration variable and their combinations. It is well known that discrimination improves when the number of variables increases in a discriminant function. However, in terms of simplicity, it is not desirable to include too many variables. In this study, to obtain a simple representation, the maximum number of variables of a discriminant function was limited to two.
In this study, single-and multi-speaker word materials were used for the analyses. Their intensity envelope was identified by applying manual and automatic fitting methods. Using the fitted data, a discriminant analysis was conducted to find the best variables to categorize the affricate [ts] and fricative [s] in the Japanese language. In addition to these analyses in a time domain, the same materials were analyzed in a spectral domain using onethird-octave bandpass filter. [2] , in which about 70,000 words were spoken at a normal speaking rate by the speaker described in Section 2.1.1. The words in the database were stored as digital audio files with 16-bit quantization and 16-kHz sampling frequency. The low frequency noise in the digital audio files was removed using a high-pass finite impulse response filter with an 80 Hz cut-off frequency. The word selection conditions were as follows:
MATERIALS
(a) the length was 1 to 4 morae, (b) the initial consonant was a [ts] or [s] followed by the vowel [W] , that was not devoiced, (c) the vowel in the second mora was not a diphthong, and (d) the second mora was not a special mora, such as a syllabic nasal or obstruent mora or lengthened vowel. Since the database did not include many 1 and 2 mora words that satisfied the conditions, all the 1 and 2 mora words were selected. On the other hand, the database contained many 3 and 4 mora words that satisfied the conditions, and they were randomly selected for both the [ts] and [s] conditions. The number of selected words is shown in Table 1 .
Multi-speaker Word Materials
The multi-speaker word materials were recorded using the following procedure.
Speaker
The speakers were 18 native Japanese (9 male and 9 female). Their average age was 25.3 years old (Min = 21, Max = 30, SD = 3.18).
Word materials
The word materials comprised eight Japanese words, 1-4 mora long, with the affricate [ts] or fricative [s] at the initial consonant ( Table 2 ). The vowel that followed [ts] and [s] was [W] , that was not devoiced. All the words consisted of consonant-vowel type morae. Moreover, they contained no special mora, such as a nasal or obstruent mora or lengthened vowel. Two word materials in each word length were configured for a minimal pair. That is, they had the same speech segments except for the initial consonant, and they had the same accent pattern.
The list of all the word materials were duplicated four times and randomized for each speaker. Therefore, there were 576 word materials (18 speakers Â 8 words Â 4 repetitions) in total.
The recording of the word materials was conducted in a quiet room. In every trial, each word on the list was presented on a computer screen in Japanese hiragana orthography. The speaker was asked to push the start button and speak the presented word at a normal speaking rate. The spoken word was digitally recorded using a microphone and an A/D converter with 16-bit quantization and 48-kHz sampling frequency, and it was stored as a digital audio file in a computer. When the speaker completed to speak each word, he/she was asked to push the stop button. The computer automatically checked the recorded speech. It sounded an alert if the intensity of the spoken word was too low or high, or if the beginning or end of the spoken word was not properly recorded. In such cases, the word was re-recorded immediately. In addition to the computerized checking, an operator monitored the spoken words, and if utterance problems such as mistake or hesitation were found, the words were re-recorded at the end of the recording session. After the recording, the low frequency noise in the digital audio files was removed by using a high-pass finite impulse response filter with a 70 Hz cut-off frequency.
ANALYSIS IN TIME DOMAIN

Intensity Envelope Fitting
The intensity envelope of [ts] and [s] was modeled as three polygonal lines (Fig. 1 ). That is, [ts] or [s] was divided into three parts (rise, steady, and decay), and the intensity envelope of the rise, steady, and decay parts was approximated by a linear line with positive, zero, and negative slopes, respectively. The duration of each part was variable but had to be more than or equal to 0 ms. The duration of the rise, steady, and decay parts are hereafter denoted by x, y, and z.
For each speech material, the intensity of [ts] or [s] was calculated using a 6 ms window size and a 1 ms window shift. Then, the polygonal lines were manually and automatically fitted to the intensity pattern of materials, as described below.
Manual fitting
The fitting of the three polygonal lines ( Fig. 1 ) was identical to determine their four edge points (i.e., t 0 : start point of rise part, t 1 : start point of steady part, t 2 : start point of decay part, and t 3 : end point of decay part). Using a waveform editor, one author observed the waveform and intensity pattern of [ts] or [s] and determined t 0 , t 1 , t 2 , and t 3 in milliseconds by assuming the three polygonal lines. Another author checked and corrected these measured points using the same procedure.
Automatic fitting
The automatic fitting of the three polygonal lines (Fig. 1) was performed by determining their four edge points, using the following procedure. Search for a start point of rise part (t 0 )
The start point of rise part, obtained manually in Section 3.1.1, was used as an anchor point to find the start point of rise part in the automatic fitting. That is, a program searched for the minimum intensity point between 15 ms before and 10 ms after the anchor point at a 1-ms step, under the condition that the intensity of the point was more than 25 dB (reference is one in amplitude in a 16-bit digital recording) for the single-speaker word materials or more than 35 dB for the multi-speaker word materials. These lowest intensity limits were different because the single-speaker word materials had a higher signal-to-noise ratio than the multi-speaker ones. The search range of time and intensity were chosen through preliminary investigations with randomly sampled data. The program determined the minimum intensity point as the start point (t 0 ). Search for an end point of decay part (t 3 )
The end point of decay part, obtained manually in Section 3.1.1, was used as an anchor point to find an end point of decay part in the automatic fitting. That is, a program searched the minimum intensity point 20 ms before and after the anchor point at a 1 ms step. The search range of time was selected through preliminary investigations with randomly sampled data. The program determined the minimum intensity point as the end point (t 3 ). Search for start points for the steady and decay parts (t 1 and t 2 )
A program searched the start points of steady part (t 1 ) and decay part (t 2 ) by finding the best fitting polygonal lines to the intensity pattern of [ts] or [s] in terms of the minimum sum of square error. Since the start point of rise part (t 0 ) and end point of decay part (t 3 ) were already determined as described above, it is necessary to find out the point that gave the minimum sum of square error between the polygonal lines and intensity pattern in a threedimensional space for the start point of steady part (t 1 ), start point of decay part (t 2 ), and intensity of steady part (hereafter, ''IS'').
The sum of square error was calculated for all possible combinations of these three variables under the following conditions: (1) t 0 t 1 t 2 t 3 , (2) intensity at t 3 IS 85 dB.
The search step was 1 ms for condition 1, and 1 dB for condition 2.
The program determined the start points of steady part (t 1 ) and decay part (t 2 ) that gave the minimum sum of square error between the polygonal lines and intensity pattern.
Discriminant Analysis
For each speech material, the polygonal lines were manually or automatically fitted in previous section. Using the fitted data, discriminant analyses were conducted to find the best variables to discriminate [ts] and [s] in a time domain. 
Procedure
The duration of the rise part (x), steady part (y), and decay part (z) were calculated as follows:
All the possible combinations of x, y, and z and their sum were used as variables for the discriminant analysis. Namely, ''x''; ''y''; ''z''; ''x þ y''; ''y þ z''; ''x þ z''; ''x þ y þ z''; ''x; y''; ''y; z''; ''x; z''; ''x; y þ z''; ''y; x þ z''; and ''z; x þ y,'' as shown in Table 3 . Using each of these variables, discriminant analyses were conducted for the data obtained from single-and multi-speaker materials by applying manual and automatic fitting methods.
Results
A discriminant error ratio was calculated by dividing the number of incorrectly discriminated [ts] or [s] by the total number of items. Table 3 shows the discriminant error ratio.
The error ratio was transformed into a logit (i.e., logit ¼ 0:5 Ã logðr=1 À rÞ where r is an error ratio). The one-factor analysis of variance for the logit revealed that a significant difference exists among the variables [Fð12; 39Þ ¼ 16:89, p < :0001]. Tukey's studentized range (HSD) test showed that the error rate of ''x; y þ z'' is smaller than that of eight variables-''x''; ''y''; ''z''; ''y þ z''; ''x þ z''; ''y; z''; ''x; z''; and ''z; x þ y'' (p < :05) but is not different from four variables-''x þ y''; ''x þ y þ z''; ''x; y''; and ''y; x þ z.'' However, the best estimated order [3] of the variables in the four combinations of the materials and the fitting methods was ''x; y þ z''; ''z; x þ y''; ''y; x þ z''; ''x; y''; ''x þ y þ z''; ''x þ y''; ''x; z''; ''x''; ''x þ z''; ''y þ z''; ''y; z''; ''y''; and ''z,'' in terms of the smallest discriminant error. For this best estimated order, Kendall's coefficient of concordance was very high (W ¼ 0:935) and significant [ 2 ð12Þ ¼ 44:87, p < :01]. This implies that the order is consistent among all the combinations of materials and fitting methods. Therefore, ''x; y þ z'' is the variable that produces the smallest error ratio in the discriminant analysis. In other words, the best variable to discriminate [ts] and [s] is the pair of the rise duration ''x'' and the sum of steady and decay durations ''y þ z.'' materials were analyzed using a one-third-octave bandpass filter. Center frequencies of the one-third-octave bandpass filter were 800-6,300 Hz for the single-speaker word materials because the sampling frequency of these words was 16,000 Hz. Likewise, center frequencies of the onethird-octave bandpass filter were 800-20,000 Hz for the multi-speaker word materials because the sampling frequency of these words was 48,000 Hz. Intensity of each frequency band was calculated by averaging the intensity over the duration of 
ANALYSIS IN SPECTRAL DOMAIN
Results
Analysis of variance resulted that the main factor (i.e., consonant category) is not significant at every center frequency at 5% level either in single-and multi-speaker 
DISCUSSION
This study revealed that both the rise duration ''x'' and sum of steady and decay durations ''y þ z'' contribute to discriminating fricative from affricate. In contrast to this result, Howell and Rosen [1] showed that the rise duration ''x'' is effective for discriminating the fricative and affricate, but the sum of the steady and decay durations ''y þ z'' is not. Although their results were obtained in English, it would be worthy to compare them with current results in Japanese. The most notable difference is that they obtained their results by analyzing the mean duration difference between the fricative and affricate in ''x'' and ''y þ z,'' but not by analyzing the discriminant errors as done in this study.
To compare our results with theirs, the mean durations of ''x'' and ''y þ z'' were calculated for the fricative and affricate using the data in this study (Table 4 ). The t-tests revealed that there were significant durational differences between the fricative and affricate both in ''x'' and ''y þ z'' in all combinations of materials and methods (p < :01, two tailed). This implies that, in terms of the mean duration, both ''x'' and ''y þ z'' are effective for discriminating the fricative and affricate in the current data. However, as shown in Table 3 , neither ''x'' nor ''y þ z'' have small discriminant errors (x: 0.099-0.186; y þ z: 0.144-0.394). That is, each of them separately is not appropriate for discriminating the fricative and affricate in terms of the discriminant error.
Here, two categories, the fricative and affricate, overlap considerably even though the mean value of one category is significantly different from that of the other. As in this case, the difference of the mean values between the two categories does not warrant that they are well separated. In other words, the difference of the mean durations does not provide enough evidence to discriminate the two categories.
Therefore, a variable should be selected in terms of the goodness of a category's separation, such as a discriminant error (e.g., [4] [5] [6] ) but not in terms of a category's mean value. In this sense, Howell and Rosen's conclusion [1] that only the rise duration ''x'' is an effective variable for discrimination is not convincing. As shown in the current results, the best discriminant variables for the fricative and affricate are a combination of the rise duration ''x'' and sum of steady and decay durations ''y þ z.''
One might think that a small burst at the beginning of the affricate [ts] is one of its acoustic characteristics, and that this burst's features, such as intensity and/or duration, should be included in variables discriminating the affricate [ts] and fricative [s] .
However, intensity of the small burst is not consistent among the items. For example, standard deviation of a peak intensity of the small burst is 9.85 dB in affricate [ts] of the multi-speaker word materials (n ¼ 288) in the current study. This standard deviation is much bigger than the standard deviation of a peak intensity of steady part (4.30 dB). Moreover, standard deviation of intensity difference between peaks of the small burst and the steady part is 10.34 dB. This large standard deviation indicates that peak intensity of the small burst relative to peak intensity of the steady part is not stable.
These facts indicate that the small burst is not reliable for discriminating the affricate [ts] and fricative [s] . In addition, the discriminant error with the variables of ''x'' and ''y þ z'' is very small without including the features of the small burst into the discriminant variables. Therefore, a small burst at the beginning of the affricate [ts] is not necessarily included in discriminant variables.
Analysis of variance and discriminant analysis for intensity in a spectral domain revealed that affricate [ 
